The reemergence of tuberculosis as a public health issue in recent years, partially resulting from Mycobacterium tuberculosis superinfection of individuals with human immunodeficiency virus, is a reminder that tuberculosis is not being controlled (5, 23, 29) . It is now realized that prevention, control, and ultimate elimination of tuberculosis as a public health problem cannot be effectively achieved without further improvement in methods for diagnosis, vaccination, and treatment. Identification and characterization of individual components of M. tuberculosis have long been a focus of research on tuberculosis (11, 37, 41) . Such studies expand our understanding of the mechanisms by which individual bacterial components interact with the host immune system and allow pursuit of the goals of identifying candidate molecules for use as subunit vaccines and as reagents for serodiagnostic tests. In addition, fundamental knowledge of mycobacterial physiology and metabolism is advanced.
The importance of bacterial membrane constituents, either carbohydrate or protein, from outer or cytoplasmic membranes, in both the physiology and immunoreactivity of gram-positive and -negative bacteria, is well established (9, 26, 28, 30) . However, little is known of the composition of mycobacterial membranes and hence of the contribution of their constituents to the physiology of the organism and interactions with host cells. Mycobacteria do contain their own set of membranous glycophospholipids, the phosphatidylinositol mannosides (PIMs) (1) , and lipoarabinomannans (LAMs) and lipomannans which, in effect, are multiglycosylated phosphatidylinositols (15) . LAM is a powerful immunogen and has been implicated in such a large range of host-cell interactions that it qualifies as a virulence factor (7) . However, little is known of the nature, function, and immunoreactivity of the membrane proteins of mycobacteria (16) , mostly because of the difficulty of subcellular fractionation of mycobacteria and resolution of cell envelope proteins from the underlying LAM and PIMs.
The goal of the present study was to identify and purify the major membranous proteins of virulent strains of M. tuber-* Corresponding author. culosis in their native state for both fundamental and applied immunological studies. Here we describe the purification and structural elucidation of the major membrane protein (MMP) associated with membrane preparations from M. tuberculosis (a protein which is present only in M. tuberculosis), which shows sequence homology with some lowmolecular-weight heat shock proteins and which also shows potential as a serodiagnostic tool for tuberculosis.
MATERIALS AND METHODS
Preparation and characterization of cell membranes. M. tuberculosis Erdman strain no. 107 from the Trudeau Mycobacterial Culture Collection was grown to mid-log phase in a medium containing glycerol, alanine, and salts in Fernbach flasks with shaking (34) . Bacterial cells were heat-killed at 80°C for 1 h and harvested by centrifugation at 5,000 x g for 20 min. Cell pellets were washed three times with sterile, deionized water, and 50-g (wet weight) samples of cell pellets were suspended in 100 ml of breaking buffer containing proteinase inhibitors as previously detailed (14 (16) . In brief, membranes containing 40 mg of protein were suspended in 10 ml of 4% (vol/vol) Triton X-114 in 10 mM Tris-HCI (pH 7.4) containing 150 mM NaCl. The resulting detergent and aqueous phase were again separately partitioned three times as described above. Proteins in the detergent phase were recovered by precipitation with 10 volumes of cold acetone at -20°C overnight.
Purification of MMP from enriched membrane fractions of M. tuberculosis. The isolated membranes were resuspended in buffer containing 20 mM piperazine (Sigma, St. Louis, Mo.) and 1% n-octyl-p-D-thioglucopyranoside (31) at a concentration of 20 mg/ml and homogenized for 1 min in an ice bath with probe sonication. The homogenate was centrifuged at 100,000 x g for 30 min, and the supernatant was applied to a preequilibrated Mono Q HR column (50 by 5 mm) (Pharmacia, Uppsala, Sweden) connected to the Pharmacia fast-performance liquid chromatography (FPLC) system. The column was washed with 5 ml of equilibrating buffer and then eluted with a 30-min gradient of 0 to 160 mM LiCl04 in the same buffer. The flow rate was 0.5 ml/min, and A280 was monitored. Large-scale purification was performed by incubating 200 Control, Atlanta, Ga.). Murine monoclonal antibody CS49 was generated against the purified MMP as described previously (14) . Membrane fractions were subjected to SDS-PAGE in the standard fashion and transferred to nitrocellulose paper sheets (Bio-Rad Laboratories, Richmond, Calif.) as described previously (36) . The sheets were treated with 1% BSA in phosphate-buffered saline (PBS) containing 0.1% Tween 80 (PBST) overnight. Antibodies diluted with PBST to the proper working concentrations were incubated with the sheets for 2 h. After the sheets were washed, goat anti-mouse alkaline phosphatase-conjugated antibody (Sigma) was added and allowed to react for 1 h. The substrate 4-chloro-1-naphthol (Sigma) was used for color development.
Enzyme-linked immunosorbent assay. Sera from 56 patients with clinically diagnosed pulmonary tuberculosis were kindly provided by S.-N. Cho, Yonsei University College of Medicine, Seoul, Korea; details of the history of these and control sera have been described previously (10) and A490 was measured.
Proteolytic digestions. The following enzymes were used for proteolytic digestion of the pure protein: endoproteinase Asp-N (from Pseudomonas fragi) (Boehringer Mannheim, Indianapolis, Ind.), trypsin (treated with tolylsulfonyl phenylalanyl chloromethyl ketone) (Sigma), endoproteinase Lys-C (from Lysobacter enzymogenes) (Boehringer Mannheim), and endoproteinase Arg-C (from mouse submaxillary gland) (Boehringer Mannheim). Prior to use, the trypsin was repurified by reversed-phase high-performance liquid chromatography (HPLC) (35) ; the other enzymes were used without further purification. Digestions were accomplished on sample quantities of 100 to 300 pmol under the conditions described by the distributor and Lee and Shively (19) . The enzyme-to-substrate ratios were typically 1:50, with the exception of endoproteinase Arg-C for which an extended digestion of 48 h with multiple additions of enzyme (final enzyme/substrate ratio, 1/10) was necessary for complete digestion. Peptide mapping was accomplished on a Beckman System Gold equipped with a Vydac C-18 reversed-phase column (2.1 by 250 mm). The peptides were eluted from the column at a flow rate of 0.2 ml/min using a linear gradient from 100% solvent A (trifluoroacetic acid-water, 0.1:99.9
[vol/vol]) to 40% solvent A-60% solvent B (trifluoroacetic acid-water-acetonitrile, 0.1:9.9:90 [vol/vol]) in 60 min. A214 was monitored with a Shimadzu SPD-6A UV/VIS monitor.
Microsequence analyses. Peptides were spotted on polyvinylidene difluoride membranes (Millipore) and subjected to automated Edman degradation on a gas-phase sequencer built at the City of Hope (13) and equipped with a continuous-flow reactor (33 Electrospray ionization mass spectrometry. For determination of the molecular weight of purified protein, a sample (5 to 10 pmol) was dissolved in 5% acetic acid-50% aqueous CH30H and analyzed by a Finnigan-MAT TSQ 700 triplesector quadrupole mass spectrometer equipped with an electrospray ionization source. The sample was introduced into the source through a 100-,um-diameter stainless steel capillary at a rate of 1 RI/min. Nitrogen gas was heated to 100°C for use as the drying gas. A potential difference of 3 to 4 kV between the needle and counter electrode was applied for ionization. The averaged multiple-charged spectrum was collected over the scan range of 50 to 2,000 AMU, and molecular weight was assigned by using Finnigan-MAT BIOMASS software.
RESULTS
Membranes of M. tuberculosis Erdman. The three major subcellular fractions of M. tuberculosis, namely, cell wall, cytoplasmic membrane, and cytosol, were isolated by the procedure described above, an extension of earlier protocols (14, 16 ). An estimate of the purity of the isolated membrane fraction was sought by assays for two cytoplasmic membrane enzyme markers (27) . The specific activity of D-lactate dehydrogenase in the membrane fraction (360 nmol/min/mg of protein) was at least 50-fold higher than in the cell wall (6.9 nmol/min/mg) and cytosolic (1 nmol/min/mg) fractions. Glyceraldehyde-3-phosphate dehydrogenase showed at least a sixfold relative enrichment, 65 nmol/min/mg of protein in membranes compared with 11 nmol/min/mg in cell walls and 9 nmol/min/mg in cytosol.
Examination of the membrane proteins by SDS-PAGE revealed multiple condensed bands above the 28-kDa range (Fig. 1 ). In the low-molecular-mass range, only a few major protein bands were observed. These were dominated by a 19-kDa protein, MMP, the subject of the present study. Large amounts of LAM, lipomannan, and PIMs (15) were also observed as diffuse bands and were particularly noticeable after treating gels with periodic acid during staining (Fig. 1) .
Purification of the 19-kDa membrane protein of M. tuberculosis Erdman. Initial efforts to purify MMP involved a Mono Q FPLC column and the dialyzable detergent n-octyl-P-D-thioglucopyranoside ( Fig. 2A) . Seven pooled as indicated and examined by SDS-PAGE (Fig. 2B) . The majority of the PIMs, LAM, and lipomannan appeared in the initial fractions. A 38-kDa protein recognized by the monoclonal antibody Th71 (8) coeluted with LAM in these early eluates. In addition, MMP was relatively pure in the latter fractions. However, under these circumstances, the column soon lost its effectiveness; a significant loss of resolution of the Mono Q FPLC column, apparently due to the large applications of LAM, was observed after about 15 runs. Therefore, an alternate way of purification, suitable for larger-scale production, was developed. Membrane extracts were applied initially to a column of weak anion-exchange resin and then to a column of strong resin. The majority of LM and some LAM and PIMs did not bind to the DEAESephacel and could be readily removed from proteins bound to the gel matrix through low-speed centrifugation. Further washing of the packed column removed more of LAM, the 38-kDa protein, and other minor proteins. Application of a linear gradient of 0 to 160 mM LiCl04 served to remove first the residual LAM and then 65-, 43-, 38-, 30-, and 22-kDa proteins (Fig. 3) . PIMs taining fractions involved the strong anion exchanger QAE. Fractions containing the highly purified MMP were pooled, dialyzed against large amounts of deionized water, and concentrated, and the protein content was estimated. From about 200 g (wet weight) of M. tuberculosis, 10 g of the membrane-enriched fraction was recovered, of which only about 12% was protein. About 1.5 mg of the purified MMP was recovered from this material.
Characteristics of MMP. The possibility was addressed that MMP is acylated, as is the case of many membranous proteins of gram-negative bacteria. Enriched membrane preparations were subjected to phase partitioning with Triton X-114, a ploy used extensively for isolation of integral membrane proteins from other bacteria (3, 4, 6, 38) . LAM, PIMs, and a few select proteins showed a preference for the detergent phase. However, MMP and the majority of the other proteins partitioned preferably into the aqueous phase (Fig. 4A) , indicating that these proteins are not fatty acylated. On the strength of reports that fatty acylated proteins upon alkali cleavage change their mobilities, MMP was also subjected to mild alkali treatment. No change in mobility was observed (Fig. 4B) .
Amino acid sequence of MMP. The sequencing strategy applied to MMP involved the use of four different endoproteinases-trypsin, Lys-C, Asp-N, and Arg-C-in order to generate sufficient overlapping peptide sequences for assignment of the entire protein sequence. The sequences obtained for each peptide were confirmed by mass spectrometry. On this basis, the sequence determined for the entire protein is provided in Fig. 5, with peptides also shown. The results of mass analysis of the individual peptides is provided in Table 1 . The predicted mass is based on the sequencing data. The observed mass is that which was obtained by mass analysis. As can be seen, the observed masses deviate from the predicted by <0.5 AMU with the majority deviating by only 0.2 to 0.3 AMU. In two instances (peptides D-4 and R-27), we were unable to obtain molecular masses, and the small sample prevented additional analysis. It should be noted that the R-27 peptide was generated by cleavage of a peptide bond following a lysine residue, a cleavage point not predicted for endoproteinase Arg-C. It seems likely that the extended and aggressive digestion conditions employed (see Materials and Methods) led to this nonspecific cleavage. The sequences obtained for both of these peptides, however, were unambiguous, and there are sufficient overlaps of confirmed sequences for both of these peptides (Fig. 5) to have confidence in the assignments. The mass data thus confirmed the sequence data.
Electron spray ionization mass spectrometry of MMP; the true weight of MMP. Recent advances in the field of mass spectrometry have made possible the mass analysis of large biological molecules, such as proteins. Electrospray ionization mass spectrometry is one such advancement. In this mode of operation, the protein is multiply charged during the ionization process, with the basic residues picking up positive charges. Since the mass spectrometer measures the mass/charge (mlz) ratio, these multiply charged ions are within the mass range of most spectrometers. Also, since mass spectrometers provide a direct measurement of mass, as opposed to an indirect or relative measurement as in the case of other methods (e.g., SDS-PAGE), highly accurate masses can be obtained.
As a further check of the protein sequence data, we analyzed intact MMP by electrospray ionization mass spectrometry. On the basis of the determined sequence (Fig. 5) , the predicted mass of the intact protein is 16,097.14. Results for the actual analysis are provided in Fig. 6 . The multiply charged spectra are shown with the charged stal Deconvolution of these spectra with the Fir BIOMASS software provided the molecular r intact protein, as indicated in the inset. The me; (16, 100 .00) deviated from the predicted by 2.86 AMU, or by 00.0 0.02%. These results confirmed the sequence derived, showed the absence of posttranslational modifications in the protein, and demonstrated the correct assignment of the COOH terminus.
Antibody response to MMP in cases of pulmonary tuberculosis. Serological studies were performed on sera from 56 patients diagnosed as having active tuberculosis. The control group consisted of 46 healthy individuals. The mean absorption value obtained from patient sera was 0.86 compared with 0.18 for control sera (Fig. 7) . A threshold value for positive reactions was set as 2 standard deviations above the mean optical density of the control group. According to this o00 18000 criterion, 85% of patients showed a positive reaction to the ass purified MMP, a reasonable order of sensitivity in the context of other serological assays (11) .
DISCUSSION
In this work, a major native somatic protein was isolated from a virulent strain of M. tuberculosis, which obviously contains antigenic determinants recognized by sera from a majority of patients with pulmonary tuberculosis. Thus, the resulted in the recognition of a variety of large and small heat shock proteins, such as the DnaK, GroEL, and GroES analogs, superoxide dismutase, proteins of the fibronectinbinding class, and PhoS analogs (41) . However, the present strategy is complementary in that it is also comparative, relying on our superior knowledge of the structure, physiological function, and immunoreactivity of individual proteins from individual subcellular fractions of other bacterial groups and seeking parallels within the mycobacteria. Thus, previously we recognized within cell wall fractions of M. tuberculosis the presence of peptidoglycan-bound proteins (14) , and the cytoplasm of M. leprae yielded a major protein of 10.6 kDa previously not recognized by other means (16) . This approach is also productive in that it extends our knowledge of the protein composition of individual subcellular fractions and in this way contributes to knowledge of the physiology and immunoreactivity of mycobacteria. The late elution of the MMP of M. tuberculosis from an anion-exchange resin column pointed to an acidic protein, and indeed, the calculated pI of MMP, based on its known amino acid composition, is 5.9. The protein sequence of MMP from M. tuberculosis Erdman was determined by direct sequence analysis after proteolytic digestion with an array of four proteolytic enzymes, and the resulting sequence was also confirmed by mass spectral analysis of both peptides and intact protein. The protein (Fig. 5) (40) .
The amino acid sequence of MMP was compared with that of proteins in the National Biomedical Research Foundation protein sequence data base and found to be unique. However, some similarities with other low-molecular-weight heat shock proteins (18, 32) were observed. For example, a comparison with the soybean 18.5C protein revealed 29% identity in 126 overlapping amino acids (Fig. 8A) . Among the nonidentical amino acids, 70% of them were conservative changes. Besides, in comparison with M. leprae 18-kDa protein (2, 25) which has the most homology with soybean 17.5E heat shock protein (24) , there was 27% identity in a 79-amino-acid overlap (Fig. 8B) . The most conservative region was observed in positions 53 to 63 in which only one amino acid residue mismatched. Thus, in consideration of the homologies in sequence and consistency in molecular mass, we speculate that MMP is a stress protein. This conclusion was further strengthened by the similarity of hydropathy plots among these three proteins and the observation of enhanced production of MMP during heat treatment (18a). The conclusion that MMP is a stress protein may explain some of its aberrant properties. It is not lipidated and is not a lipophilic, intrinsic membrane protein, judging from its behavior in detergent. It seems more likely to bear a peripheral association with membranes. It is known that small heat shock proteins in eukaryotes concentrate in nuclei during heat shock (20) , whereas in prokaryotes, they apparently associate with cytoplasmic membranes (42), thus explaining the avid association with membranes and relatively large amounts of a protein which is not apparently an intrinsic membrane protein.
Recently, the N-terminal, 5-amino-acid segment of MMP was entered as part of a catalog of known mycobacterial proteins where it received the code number 48T (41) . A comparison with other proteins led to the realization that the N-terminal sequence was identical to that of another protein with the designated code 36T. This 14-kDa antigen was first identified with murine monoclonal antibodies raised against M. tuberculosis (12). Subsequently, the nucleotide sequence of this 14-kDa protein was established by using recombinant DNA clones from the Xgtll and cosmid libraries, and the deduced amino acid sequence of this protein is identical to that of MMP (36a, 38a) . The fact that the purified MMP reacts with monoclonal antibodies F24.2 and WTB68 (Fig. 9 ) further supports the evidence that the 14-kDa protein and MMP are synonymous. In agreement with other reports (8, 17) , this protein was found in M. 
